INTRODUCTION
Diphenyl ether herbicides have been in use since 1962 for the control of annual grasses and dicotyledonous weeds in soybean (Glycine max), peanut (Arachis hypogaea), cotton (Gossypium), rice (Oryza sativa) and other crops (Matsunaka, 1976) . The phytotoxicity of these molecules is light-dependent and results in peroxidative degradation of cellular constituents, especially membrane lipids (Orr & Hess, 1982) . As some diphenyl ethers do not absorb visible radiation, their activity appears to be mediated by cellular photodynamic pigment(s), and carotenoids have long been proposed to play this role (Matsunaka, 1969) . Accordingly, it is generally conjectured that photoexcited carotenoids can induce the formation of nitrodiphenyl ether free radicals, which in turn readily react with membrane lipids to give unstable addition products (Orr & Hess, 1982) .
However, in spite of numerous studies aimed at supporting this theory [for a review, see Kunert et al. (1987) ], the postulated mechanism has never been convincingly demonstrated to occur in vivo, and diphenyl ethers have even been found to exert their characteristic light-dependent phytotoxicity on cells devoid of carotenoids (Matringe & Scalla, 1987a; Gaba et al., 1988) . Recently, we have found evidence that a pigment with the fluorescence spectrum of protoporphyrin IX accumulates in diphenyl ether-treated tissues (Matringe & Scalla, 1987b , and that finding has since been confirmed by others (Lydon & Duke, 1988; Witkowski & Halling, 1988) . We were thus able to propose an entirely different explanation for the phytotoxicity of diphenyl ethers (Matringe & Scalla, 1987b . Since porphyrins are known as powerful singlet-oxygen generators in the light (Hopf & Whitten, 1978) , their accumulation in treated plants can lead to the light-dependent peroxidation of membrane lipids and the ensuing membrane disruptions which are responsible for the herbicidal effects (Orr & Hess, 1982 (Bassel et al., 1975; Urban-Grimal & Labbe-Bois, 1981 (Brenner & Bloomer, 1980; Deybach et al., 1981; Camadro et al., 1982) 8-aminolaevulinic acid (ALA) (Castelfranco et al., 1979; Richter & Riehits, 1981) to discriminate between possible effects of diphenyl ethers on chelatases or on enzymic steps involved earlier in the biosynthetic pathway of tetrapyrroles. Moreover, in order to check the validity of our conclusions, we have examined the biochemical activity of three diphenyl ether molecules ( Fig. 1 ): acifluorfen-methyl (AFM), which is a typical nitrodiphenyl ether herbicide; LS 820340, which differs from AFM in having a chlorine atom instead of a nitro substituent, but nevertheless retains the same type of light-dependent activity (Ensminger et al., 1985) ; and RH 5348, in which the displacement of a CF3 group results in a considerably lowered phytoxicity (Duke et al., 1984 
Preparation of plant organelles
Corn etioplasts were isolated as described by Prado et al. (1980) . Mitochondria were isolated from potato (Solanum tuberosum) tubers (cv. Bintje) as described by Jackson & Moore (1979) .
Yeast mitochondrial membranes
Laboratory strain FL 200 or commercially available baker's yeast (Fould Springer) were used. Cell growth and preparations of a fraction enriched in mitochondrial membranes were described by Urban-Grimal & LabbeBois (1981) .
Mouse liver mitochondria
These were isolated from DBA/2 strain livers by standard procedures (Johnson & Lardy, 1967) .
Metalloporphyrin synthesis in corn etioplast preparations
The formation of Mg-protoporphyrin IX from protoporphyrin IX or ALA was monitored in preparations of corn etioplasts by the method of Castelfranco et al. (1979) . Routine incubation media contained, in a final volume of 1 ml, 500 /tmol of sucrose, 20 ,umol of Tes, 10 ,umol of Hepes, 1 ,imol of MgCl2, 1 /tmol of EDTA, 10 ,umol of ATP, 0.6 #tmol of NAD+, 4.0,mol of GSH, 2.0 mg of BSA, 10 nmol of protoporphyrin IX (free acid) or 5 ,tmol of ALA, and 0.5-1 mg of plastid proteins (final pH: 7.6). After incubation for 2 h at 28°C in dim light (30 mol m-2. S-1 PAR), the reaction was stopped by rapid freezing.
Extraction of metalloporphyrins was carried out as described by Castelfranco et al., (1979) . A 3 ml portion of cold acetone was added to the incubation mixture before centrifuging at 12000 g for 10 min. The pellet was washed with 0.5 ml-of 0.12 M-NH3 plus 1.5 ml of acetone and the two supernatants were combined. Lipids and chlorophylls were removed by washing the extract successively 'with '7.5 and 2.5 ml of hexane. A 1.7 ml portion of a saturated NaCl solution and 0.15 ml of 0.25 M-monosodium maleate were then added to the aqueous acetone extract. After adjusting the pH to 6.8, porphyrins and metalloporphyrins were recovered from the aqueous phase by two extractions with 3.0 ml of diethyl ether. The fluorescence of the ether extract was recorded witl a Jobin and Yvon 3D fluorimeter, and the amounts of Mg-protoporphyrin IX were estimated using excitation 'and emission wavelengths of 420 and 597 nm respectively. A reference curve was constructed with an authentic standard. Low-temperature (77 K) spectrofluorimetric. analyses were done as described by Astier et al. (1986) , with-a cell holder equipped with filter paper to apply samples.t Protoporphyrinogen IX oxidase activity This was assayed spectrofluorimetrically at 30°C as described by Labbe et al. (1985) by measuring, under initial-velocity conditions, the rate of formation of protoporphyrin, IX from chemically reduced' protoporphyrinogen (Jacobs & Jacobs, 1982 This was assayed spectrofluorimetrically at 30°C by measuring, under initial-velocity conditions, the rate of Zn-protoporphyrin IX formation (Camadro et al., 1984) . Excitation and emission wavelengths were 420 and 587 nm respectively. The standard reaction medium contained, in I ml, 0. (Fig. 2) . This product could be clearly differentiated from Zn-protoporphyrin IX, which was synthesized by yeast mitochondrial membranes in control experiments (Fig. 2) (Table 1) .
As Fig. 3 shows, the inhibitory effect of diphenyl ethers on Mg-protoporphyrin synthesis depended on the nature of the precursor in the incubation medium.
AFM, which was our model herbicide, strongly inhibited the formation of Mg-protoporphyrin from ALA Vol. 260 (IC50 = 35 nM). By contrast, inhibition was much weaker (IC50 = 80 JtM) when protoporphyrin IX was given as the direct substrate of Mg-chelatase; similar conclusions were reached with the AFM analogues. Fig. 3 also shows that AFM and LS 820340 were more active than RH 5348, in agreement with the known difference in phytotoxic potencies of these molecules (Duke et al., 1984; Ensminger et al., 1985) . Since these results seemed to rule out Mg-chelatase as the primary target for diphenyl ethers, we investigated the effect of these herbicides on protoporphyrinogen oxidase. Effect of diphenyl ethers on protoporphyrinogen oxidase activities As shown in Fig. 4 , AFM was a very potent inhibitor of etioplast protoporphyrinogen oxidase activity (IC50 = 4 nM). The inhibitory abilities of AFM analogues paralleled their herbicidal activities, the chlorinated analogue (LS 820340) being slightly less active than AFM (IC50 = 10nM), whereas the less phytotoxic molecule (RH 5348) showed a much lower efficiency (IC50 = 180 nM).
In order to determine the degree of specificity of these inhibitory properties, the effects of diphenyl ethers on protoporphyrinogen oxidase from a plant mitochondrial preparation was examined (Fig. Sa) (Camadro et al., 1982) , or human patients with porphyria variegata (Brenner & Bloomer, 1980; Deybach et al., 1981) , the membrane-bound ferrochelatase does not seem able to use the nonenzymically produced protoporphyrin IX, possibly because that accumulating molecule is sequestered in some other membrane structure and is no longer accessible to chelatases. That could explain why, in whole plants, inhibition of protoporphyrinogen oxidase by diphenyl ethers results in accumulation of protoporphyrin IX. Concerning the structural requirements for protoporphyrinogen oxidase inhibition, our results with LS 820340 show that the NO2 substituent of AFM can be replaced by a Cl atom without strongly lowering the inhibitory power. By contrast, the position of the CF3 group appears of great importance, because its displacement in RH 5348 lowers the activity by roughly two orders of magnitude. Since LS 820340 possesses marked light-dependent herbicidal properties, whereas RH 5348 has a much lower toxicity in vivo, inhibition of protoporphyrinogen oxidase provides a likely explanation for the phytotoxic effects of diphenyl ethers.
On the other hand, the sensitivities of mammalian and yeast protoporphyrinogen oxidase to diphenyl ethers emphasize the need for precise assessment of the toxicity of these molecules.
A final remark is that AFM is about 5000 times more potent than the only inhibitor of protoporphyrinogen oxidase described so far, namely bilirubin, which has a Ki of 25 /LM (Ferreira & Dailey, 1988) . Diphenyl ethers thus represents a new family of protoporphyrinogen oxidase inhibitors. The great variety of chemical structures available should permit one to delineate the precise molecular interactions involved and perhaps to throw some light on the reaction mechanisms responsible for protoporphyrinogen oxidative aromatization.
